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The candida te  p rope l l an t  f o r  t h e  S h u t t l e  s o l i d  rocke t  motors con- 

t a i n s  approximately 16 percent  aluminum powder. 

range t h e  aluminum can be considered as a s i g n i f i c a n t  p o r t i o n  of t h e  

f u e l .  However, i t  serves a dua l  purpose i n  t h a t  i t  a l s o  tends t o  s t a b i -  

l i z e  t h e  burn ing  process .  

i n s t a b i l i t i e s  i n  s o l i d  rocke t  motors can be a l l e v i a t e d  by adding powdered 

metals t o  t h e  f u e l  mix. There i s  the re fo re  a cons iderable  source  of 

l i t e r a t u r e  and d a t a  concerning metal oxide p a r t i c l e s  produced by s o l i d  

p r o p e l l a n t  rocke t  motors. 

p ly ing  them t o  environmental  and contamination concerns posed by S h u t t l e  

opera t ions  one should be  f u l l y  aware of t h e  prime i n t e r e s t  which prompted 

these  previous s t u d i e s .  

I n  t h i s  percentage 

It has  long been recognized t h a t  combustion 

However, be fo re  embracing these  d a t a  and ap- 

1 .0  DAMPING COMBUSTION INSTABILITIES 

The combustion rate of s o l i d  propellants i s  pressure sens i t ive .  

Therefore ,  a c o u s t i c  waves which may be  generated w i t h i n  t h e  combustion 

cav i ty  can cause acce le ra t ed  burning a t  the  anti-nodes.  

e r a t e d  burning feeds  p re s su re  pulses  back i n t o  t h e  a c o u s t i c  f i e l d  i n  a 

resonant  mode then  t h e  r e s u l t i n g  undamped system can l ead  t o  a v i o l e n t  

f a i l u r e  of t h e  rocke t  motor. It has  been found t h a t  t hese  i n s t a b i l i t i e s  

can b e  damped by t h e  i n c l u s i o n  of t h e  m e t a l  oxide p a r t i c l e s  i n  the  

a c o u s t i c  f i e l d  i n  t h e  combustion cav i ty .  

showing a t t e n u a t i o n  aD/cm versus  p a r t i c l e  s i z e  f o r  t h r e e  f requencies  as 

der ived  from t h e  theory of Temkin and Dobbins and ca l cu la t ed  by 

I f  t h i s  accel- 

Figure 1 presen t s  t h e  curves 
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Dehority.' 

from 0.5 pm t o  50 pm,  wi th  t h e  bulk of t h e  a t t e n u a t i o n  f o r  low frequen- 

cies be ing  produced by p a r t i c l e s  i n  t h e  2-20 pm range. 

t hese  l a r g e r  p a r t i c l e s  are b e n e f i c i a l  i n s i d e  t h e  combustion c a v i t y ,  they 

are de t r imen ta l  t o  rocke t  performance ( s p e c i f i c  impulse) as they are 

e j e c t e d  along wi th  t h e  gases through t h e  nozz1.e. 

a s u f f i c i e n t  number of l a r g e  dampers t o  maintain combustion s t a b i l i t y ,  

y e t  a need t o  l i m i t  t h e  number of p a r t i c l e s  i n  t h e  f lowf ie ld  t o  an ab- 

s o l u t e  minimum, t h e  processes  involved i n  t h e  formation of t h e  oxide 

p a r t i c l e s  are of g r e a t  i n t e r e s t .  Many experiments have been conducted 

and a t tempts  made t o  c o l l e c t  samples of t hese  oxide p a r t i c l e s  t o  de te r -  

mine t h e i r  number and s i z e  d i s t r i b u t i o n .  Since t h e  p a r t i c l e  s i z e s  of 

i n t e r e s t  f o r  damping and s p e c i f i c  impulse loss have been from 2-50 urn, 

t h e  major i ty  of t h e  c o l l e c t i o n  techniques as w e l l  as t h e  count ing and 

s i z i n g  methods have been o r i en ted  toward t h i s  s i z e  range. 

cases t h e  submicron p a r t i c l e s  have been ignored. 

A s  can be  seen ,  t h e  range of p a r t i c l e  s i z e  of i n t e r e s t  is  

However, whi le  

With a requirement f o r  

Thus i n  many 

1.1 Mean Diameters 

I n  some ins t ances  i t  is convenient t o  r e f e r  t o  a p a r t i c u l a r  s i z e  

d i s t r i b u t i o n  of p a r t i c l e s  i n  terms of a mean p a r t i c l e  diameter .  

most commonly understood mean diameter is the  l i n e a r  mean, i . e . ,  

The 

However, o the r  mean diameters are a l s o  ca l cu la t ed  and used depending on 

t h e  p a r t i c u l a r  f i e l d  of app l i ca t ion .  

b e  of t h e  form 

I n  genera l  t h e  mean diameter can 

'Dehority, G. L . ,  "A Parametr ic  Study of P a r t i c u l a t e  Damping Based 
on t h e  Model of Temkin and Dobbins," NWC TP 5002, Sept.  1970. 
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where p can take i n t e g r a l  values  from 0 t o  3 and q from 1 t o  4. 

combination of p and q places  a s p e c i f i c  emphasis on a p a r t i c u l a r  s i z e  

range wi th in  the  d i s t r i b u t i o n .  

emphasizes a l a r g e  number of small p a r t i c l e s  whereas a d43 mean, mini- 

mizes  the  cont r ibu t ion  of t he  smaller p a r t i c l e s .  

t i c l e s  are of prime concern i n  combustion s t a b i l i t y  and two-phase flow 

los ses  the  d43 mean diameter i s  usua l ly  reported;  i .e . ,  

Each 

For example, t h e  l i n e a r  mean 310 heavi ly  

Since the  l a r g e r  par- 

- 

4 Cd dn 

Cd dn 

- - 
d43 - 3 (3) 

This method of summarizing t h e  experimental da t a  has  l e d  t o  a misconcep- 

t i o n  of t he  t o t a l  range of p a r t i c l e  s i z e s  produced by s o l i d  rocket 

motors and has fos t e red  a f a l s e  impression t h a t  t he re  is a general  con- 

s i s t ency  i n  the  da t a  co l l ec t ed  from the  var ious test programs. 

presents  raw da ta  i n  the  form of b a r  graphs of par t ic le  s i z e  d i s t r ibu -  

t i ons  obtained from A 1  0 samples taken from T i t an  IIIc f i r i n g s .  The 

samples were analyzed using the  same methods b u t  were co l l ec t ed  using 

d i f f e r e n t  techniques. 

c a l l y  d i f f e r e n t  insofar  as the  number of s m a l l  p a r t i c l e s  reported,where- 

as the  ca lcu la ted  mean p a r t i c l e  s i z e  from these  two da ta  sets are d 

11.4 pm and 12.6 pm. 

ably good agreement is  adequate f o r  combustion s tud ie s .  However, t he  

da ta  are incons i s t en t  when one i s  concerned with the  poss ib le  e f f e c t s  of 

contamination by smaller p a r t i c l e s .  

I 

Figure 2 

2 3  

As can be  seen,  t he  s i z e  d i s t r i b u t i o n s  are radi-  

= 
43 

The mass weighted mean which would seem i n  reason- 
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1.3 P a r t i c l e  S i z e  D i s t r i b u t i o n  Functions 

There are s e v e r a l  ways of p re sen t ing  p a r t i c l e  s i z e  d i s t r i b u t i o n s .  

I n  a d d i t i o n  t o  t h e  his togram, t h e r e  is a v a r i e t y  of d i s t r i b u t i o n  func- 

t i o n s ,  and aga in  one f i n d s  t h e  format chosen, determined by t h e  eventua l  

use of t h e  experimental  da t a .  I n  o rde r  t o  compare da t a  from va r ious  

sources ,  p a r t i c l e  s i z e  information presented  i n  t h i s  paper has  been 

f i t t e d  t o  a d i s t r i b u t i o n  func t ion .  

1 .3 .1  F i t t i n g  Data t o  D i s t r i b u t i o n  Function 
I 

There are s e v e r a l  mathematical  func t ions  which have been used t o  

provide a r e p r e s e n t a t i o n  of p a r t i c l e  s i z e  d i s t r i b u t i o n s .  

they are a l l  v a r i a n t s  of t h e  express ion  

I n  many ways 

I 

I n  some cases an a t tempt  is  made t o  re la te  one o r  more of t h e  cons t an t s  

(a ,p ,b ,n)  t o  some phys ica l  parameter of t h e  p a r t i c l e  formation process .  

Nukiyama and Tanasawa2 obtained ex tens ive  d a t a  of drop s i z e s  i n  sprays  

formed by a i r  a tomiza t ion  and from t h e s e  da t a  def ined  p = 2 and n 2j l f o r  

t hese  sprays  wi th  b some undetermined func t ion  of t h e  phys ica l  character-  

istics of t h e  l i q u i d ,  nozzle  des ign  and t h e  r e l a t i v e  v e l o c i t y  of t h e  

l i q u i d  and a i r .  

p a r t i c l e  s i z e s  def ined  p = 3 and proposed a func t iona l  r e l a t i o n s h i p  be- 

tween t h e  cons tan ts  a and b and t h e  t h r o a t  diameter of t h e  rocke t  motor 

which produced t h e  p a r t i c l e s .  

S imi l a r ly  Worster e t  a1.3 us ing  a v a i l a b l e  d a t a  on A 1 2 0 3  

Rosen e t  a l . 4  used a semi-empirical  

'Nukijama S.  and Tanasawa, Y. ,  "An Experiment on t h e  Atomization of 
Liquid by Means of an A i r  Stream (1st r e p o r t ) , "  Trans. S.M.E. Japan, 
Vol. 4 ,  No. 1 4  (Feb. 1938).  

Par t ic le  P rope r t i e s , "  AR1 RR-30 (Aug. 1973).  

Powdered Coal," Jou rna l  of t h e  I n s t .  of Fuel ,  Vol. 7 ,  1933. 

3Worster, B. W .  and Kadamiya, R.  H . ,  "Rocket Exhaust Aluminum Oxide 

4 Rosin, P. and Rammler, E . ,  '!The Laws Governing t h e  Fineness of 
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technique t o  de r ive  a func t iona l  r e l a t i o n s h i p  between t h e  cons t an t s  t o  

f i t  t h e  equat ion  t o  d a t a  obtained from gr inding  c o a l  dus t .  I n  t h i s  case 

p = n-4 and a = 6bn/1~, wi th  b and n determined empir ica l ly .  

It would appear t h a t  t he  p o s s i b i l i t y  of de f in ing  t h e  cons tan ts  i n  

terms of such fundamental phys ica l  p r o p e r t i e s  as v i s c o s i t y ,  s u r f a c e  ten- 

s ion ,  dens i ty ,  etc.  of t h e  p a r t i c l e s  and t h e  f o r c e  f i e l d s  i n  which they 

are formed is very remote. However, t h e  apparent u n i v e r s a l i t y  of t h i s  

func t ion  i n  i ts  a b i l i t y  t o  f i t  t h e  s i z e  d i s t r i b u t i o n  of p a r t i c l e s  formed 

by a v a r i e t y  of processes  can b e  used t o  advantage i n  comparing d a t a  

such as those  obtained i n  c o l l e c t i o n s  of A1203 from rocket  exhausts .  It 

is p a r t i c u l a r l y  use fu l  i n  t h a t  i t  p r e d i c t s  a f i n i t e  number of s m a l l  par- 

t icles and de f ines  a s p e c i f i c  p a r t i c l e  s i z e  where t h e  d i s t r i b u t i o n  peaks. 

I n  many experimental ly  observed p a r t i c l e  c o l l e c t i o n s  t h i s  peaking of t h e  

d a t a  is noted (F igs .  4 and 9). However, i n  some samples which are col-  

l e c t e d ,  due t o  the  c o l l e c t i o n  technique o r  t h e  method of a n a l y s i s ,  t h e  

d a t a  are t runca ted  and t h e  peak i s  missed. I n  t h e  curves presented  i n  

t h i s  paper t h e  d a t a  were used t o  ob ta in  t h e  b e s t  f i t t i n g  d i s t r i b u t i o n  

func t ion  and t h e  r e s u l t i n g  peaking of t h e  d i s t r i b u t i o n  func t ion  is  thus  

i n  some cases an "ext rapola t ion"  o f t h e  d i s t r i b u t i o n  below t h e  observed 

p a r t i c l e  s i z e .  A l l  d i s t r i b u t i o n s  have been normalized t o  t h i s  maximum 

peak o r  mode f o r  ease of comparison. 

The fol lowing method w a s  used to choose the appropriate values of 

t h e  cons tan ts  a ,  b ,  n and p.  The d i s t r i b u t i o n  func t ion  can be r e w r i t t e n  

as 

n 
= l o g  a - b D l o g  e (5) 

Thus, t he  d a t a  were p l o t t e d  as log (Di -- :!)against D~ f o r  var ious  va lues  

of n and p. The values  of n and p w e r e  ad jus ted  f o r  t h e  b e s t  s t r a i g h t  

l i n e  f i t .  For t h e  major i ty  of t h e  d a t a  examined, values  of n = . 3  and 
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p = 2 were s a t i s f a c t o r y .  

and p = ( 1  -t 3) .  From t h e s e  d a t a  f i t s ,  va lues  of a and b can b e  calcu- 

l a t e d  from t h e  s l o p e  and i n t e r c e p t .  I n  o rde r  t o  o b t a i n  some uni formi ty  

i n  p l o t t i n g  the  d i s t r i b u t i o n  func t ions  they were normalized a t  t h e i r  

mode. The mode w a s  determined by s e t t i n g  

The t o t a l  range of values  w a s  n = ( .3  -+ 1.0) 

and thus D = n f o r  t h e  maximum value  of 

2.0 COMPARISON OF A1203 PARTICLE S I Z E  DATA 

Data obtained from many rocket  motor f i r i n g s ,  u s ing  a v a r i e t y  of 

c o l l e c t i o n  techniques have been combined t o  support  t h e  hypothes is  t h a t  

t h e  mean p a r t i c l e  s i z e  produced by s o l i d  rocke t  motors is a func t ion  of 

t h e  t h r o a t  diameter  of t h e  rocke t .  

Samples of d a t a  used t o  o b t a i n  t h i s  c o r r e l a t i o n  along wi th  t h e  em- 

p i r i c a l  d i s t r i b u t i o n  func t ion  are presented  i n  F igs .  3 and 4 .  A s  can b e  

seen ,  t h e  c o r r e l a t i o n  does a f a i r  job  of accommodating t h e  d a t a ,  espe- 

c i a l l y  when one cons iders  t h e  o rde r s  of magnitude d i f f e r e n c e  i n  t h e  s i z e  

rocke t  motors presented  i n  these  two examples. Confidence t h a t  such a 

c o r r e l a t i o n  does indeed e x i s t  is g r e a t l y  shaken, however, when one com- 

pares  d a t a  presented  i n  Fig.  5. These d a t a  a l l  r ep resen t  p a r t i c l e  s i z e  

d i s t r i b u t i o n s  of p a r t i c l e s  from T i t a n  1 1 1 - C  rocke t  motors, taken us ing  

d i f f e r e n t  c o l l e c t i o n  techniques.  As can be  q u i t e  r e a d i l y  seen ,  t h e  d a t a  

i n d i c a t e  a wide v a r i e t y  of s i z e  d i s t r i b u t i o n  func t ions .  It is  a l s o  of 

i n t e r e s t  t o  no te  t h a t  t h e  s i z e  d i s t r i b u t i o n s  (curves 3 and 4 )  as de ter -  

mined by two separate l a b o r a t o r i e s  ana lyz ing  t h e  same sample are no t  i n  

agreement. Thus i t  would appear t h a t  even wi th  t h e  same samples and 

using similar s i z i n g  techniques t h e  r e s u l t s ,  wh i l e  c l o s e ,  are n o t  
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reproducib le .  However, when one examines t h e  r e s u l t s  where t h e  same 

samples were analyzed us ing  d i f f e r e n t  techniques one f i n d s  s i g n i f i c a n t  

d i f f e rences .  F igures  6 and 7 presen t  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  

curves f o r  samples from two experimental  motors wi th  2-in.-diam t h r o a t s  

and d i f f e r e n t  f u e l  mix. One method of a n a l y s i s  w a s  an o p t i c a l  micro- 

scope and t h e  o t h e r  a scanning e l e c t r o n  microscope (SEM). There are two 

po in t s  of i n t e r e s t  i n  t h e s e  curves.  F i r s t ,  i t  i s  noted t h a t  t h e r e  is a 

d i s t i n c t  s h i f t  t o  smaller p a r t i c l e s  when us ing  t h e  SEM. 
same s h i f t  occurs  f o r  each of t h e  f u e l  formulat ions.  It is  poss ib ly  a 

t r i v i a l  po in t ,  b u t  t h e s e  d a t a  emphasize the  f a c t  t h a t  even i f  t h e  sub- 

micron p a r t i c l e s  are c o l l e c t e d  they cannot b e  counted i f  they cannot b e  

seen. 

t h e  o p t i c a l  microscope and thus s h i f t s  the observed s i z e  d i s t r i b u t i o n .  

These d a t a  also serve as a reminder, t h a t  r ega rd le s s  of b i a s e s  i n t r o -  

duced by t h e  p a r t i c l e  s i z i n g  and count ing technique, t h e r e  is  a d i f f e r -  

ence due t o  t h e  p r o p e l l a n t  mix. 

Second, t h i s  

The SEM e a s i l y  r e so lves  p a r t i c l e s  w e l l  below t h e  v i s i b i l i t y  of 

Of p a r t i c u l a r  i n t e r e s t  are t h e  d i s t r i b u t i o n s  presented  i n  Fig.  8. 

The samples w e r e  taken from t h e  two extremes of rocke t  motors,  a T i t a n  

111-C,  and a small experimental  motor. However, t h e  c o l l e c t i o n  technique 

of s e t t l e d  sample i n  P e t r i  d i shes  w a s  t h e  same. The s i m i l a r i t y  of t hese  

d a t a  would confirm t h e  sugges t ion  t h a t  a v a i l a b l e  d a t a  t o  d a t e  are more 

c h a r a c t e r i s t i c  of t h e  c o l l e c t i o n  technique than  t h e  rocke t  motor which 

produced t h e  p a r t i c l e s .  Brown e t  al .5 p resen t  A1203 p a r t i c l e  s i z e  d a t a  

taken from an experimental  test motor i n  which they were a b l e  t o  vary 

t h e  f u e l  formulat ion (percentage of A 1  and s i z e  of A 1  powder), combus- 

t i o n  chamber pressure ,  combustion chamber s i z e  and expansion r a t i o .  They 

sugges t  t h a t  none of t hese  parameters had s i g n i f i c a n t  i n f luence  on t h e  

p a r t i c l e  s i z e  d i s t r i b u t i o n  which they observed (Fig.  9 ) .  However, one 

I 

5Brown, B. ,  McArty, K. P., " P a r t i c l e  S ize  of Oxides from Combustion 
of Metalized So l id  P rope l l an t s , "  8 t h  I n t e r n a t i o n a l  Symposium on Combus- \ I 
t i on ,  C . I .T . ,  Pasadena, CA, Aug.-Sept. 1960. I 
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wonders i f  t h e  c o l l e c t i o n  technique which remained the  same f o r  a l l  tests 

could poss ib ly  mask any s u b t l e  changes i n  t h e  p a r t i c l e  s ize  d i s t r i b u -  

t i on .  

3.0 ALUMINUM OXIDE SAMPLING TECHNIQUES 

The d a t a  presented  thus f a r  are r ep resen ta t ive  of sampling tech- 

niques where t h e  A 1  0 

from the  rocke t .  Due t o  t h e  obvious h o s t i l e  environment c l o s e  t o  t h e  

exhaust nozzle  t h e r e  are l i m i t s  on where samples can be  taken. A suc- 

c e s s f u l  a t tempt  t o  o b t a i n  A 1  0 

T i t a n  I I I - C  w a s  made by Willoughby6 us ing  an " i s o k i n e t i c  probe." 

probe w a s  a l igned  wi th  t h e  f lowf ie ld  and w a s  s o  cons t ruc ted  t h a t  t h e  ex- 

haus t  gases  flowing around t h e  probe produced a low p res su re  r eg ion  a t  

t h e  base  of t h e  probe, thus  drawing a sample of t h e  rocke t  plume through 

the  sampling s e c t i o n .  Here t h e  gases were allowed t o  d e c e l e r a t e  and de- 

p o s i t  t h e  p a r t i c l e s  on a sampling su r face .  

has  been co l l ec t ed  a t  a cons iderable  d i s t a n c e  2 3  

p a r t i c l e s  on the  launch p la t form of a 
2 3  

This 

Sampling methods may b e  c l a s sed  as pass ive  and active. The pass ive  

c o l l e c t o r s  inc lude  p e t r i e  d i shes ,  polyethylene shee t s ,  s t i c k y  tapes  and 

even, i n  one case, ra inwater  accumulated on t h e  roof of an  automobile.  

The active c o l l e c t o r s ,  c o n s i s t i n g  of f i l t e r s  and impactors ( w i r e ,  f l a t  

d i s c ,  cascade ,  tape) where c loud  samples are drawn through t h e  c o l l e c t o r ,  

have been used a t  s t a t i o n a r y  ground po in t s  and a l s o  aboard a i r c r a f t  flown 

through exhaust  plumes. 

Samples have been processed by a v a r i e t y  of methods t o  produce par- 

t i c l e  s i z e  d i s t r i b u t i o n  da ta .  

duced a reasonably d ispersed  monolayer of p a r t i c l e s ,  t h e  usua l  a n a l y s i s  

has  been by count ing and s i z i n g  under an o p t i c a l  o r  scanning e l e c t r o n  

Where t h e  c o l l e c t i o n  technique has  pro- 

Willoughby, P. G . ,  "Sampling and S ize  Determination of P a r t i c u l a t e s  
6 

from t h e  T i t a n  I I I - C  Exhaust Plume," United Technology, TR-33-74-U1, 
Feb. 1974. 
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microscope. I n  those  in s t ances  where t h e  sample w a s  too d ispersed  (col-  

l e c t e d  on l a r g e  polyethylene s h e e t s )  o r  too  c l o s e l y  packed, t h e  sample 

w a s  washed from t h e  c o l l e c t o r  and then r e d i s t r i b u t e d  on an  appropr i a t e  

microscope s l i d e .  Usually t h i s  process  involved us ing  u l t r a s o n i c  b a t h s  

t o  t r y  t o  avoid coagula t ion  of t he  p a r t i c l e s  as the  l i q u i d  carrier evap- 

ora ted .  

of mass loading by simply weight ing the  f i l t e r  and a l s o  by ash ing  t h e  

f i l t e r  and recovering t h e  A I  0 by repea ted  washing of t he  res idue .  An 

extreme pre-processing procedure is descr ibed as fol lows:  

Samples c o l l e c t e d  on f i l t e r  papers  have been analyzed i n  terms 

2 3  

The ground sampling panels  were c u t  i n t o  3"-wide s t r i p s  

and scrubbed i n  600 cc of water. The s o l i d s  were f i l t e r e d  

and t h e  f i l t e r  d r i ed  and ashed a t  6OOOC i n  a po rce l a in  

c ruc ib l e .  The r e s idue  w a s  t r e a t e d  wi th  aqua r e g i a  and 

hea ted  t o  j u s t  under b o i l i n g  f o r  1 / 2  hour.  The re- 

s u l t i n g  material w a s  cooled, d i l u t e d  wi th  water and 

f i l t e r e d .  The f i l t e r  w a s  d r i e d  and ashed a t  6OOOC i n  a 

plat inum c r u c i b l e  and t h e  remaining material t r e a t e d  

wi th  50 percent  HF f o r  1 / 2  hour a t  a temperature j u s t  

under b o i l i n g ,  t h e  r e s u l t i n g  material w a s  f i l t e r e d  and 

ashed i n  a po rce l a in  c ruc ib l e .  The A 1  0 p a r t i c l e s  were 

then  s i z e d  and counted." 

I 1  

2 3  

It can be  q u i t e  e a s i l y  seen  from these  comments on t h e  techniques 

used t o  c o l l e c t  and analyze samples t h a t  t h e r e  are several b i a s e s  aga ins t  

t h e  submicron p a r t i c l e s .  

Those samplers a t  ground level c o l l e c t i n g  t h e  f a l l o u t  from t h e  ex- 

haus t ,  have a n  extremely e f f e c t i v e  atmospheric f i l t e r  t o  remove t h e  sub- 

micron p a r t i c l e s .  The " i s o k i n e t i c  probe" which removes t h i s  f i l t e r  suf-  

f e r s  from the  f a c t  t h a t  i ts  sampling s u r f a c e  is an  impaction c o l l e c t o r  

and a t  t h e  lower v e l o c i t i e s  i n  t h e  probe t h e  l a r g e r  p a r t i c l e s  impact and 

t h e  submicron p a r t i c l e s  flow around t h e  su r face .  Devices flown through 

t h e  exhaust cloud wi th  some at tempt  t o  sample i s o k i n e t i c a l l y  would be  
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expected t o  produce a more r e p r e s e n t a t i v e  sample. Unfortunately,  i n  

most cases what is  gained i n  the  sampling is  l o s t  i n  t h e  process ing ,  

s i n c e  the  f i l t e r s  and s t i c k y  tapes  employed are e i t h e r  burned and/or 

washed t o  e x t r a c t  t he  sample from the  c o l l e c t o r .  

4.0 RESULTS FROM THE MARSHALL SPACE FLIGHT CENTER (MSFC) SAMPLING TESTS 

These tests cons i s t ed  of a 6 . 4 %  sca l ed  model of t h e  space  s h u t t l e  

wi th  two Tomahawk s o l i d  rocke t  motors used t o  s imula te  t h e  s o l i d  s t r a p  

on boos te r s .  The model w a s  mounted above a sca l ed  ve r s ion  of t h e  pro- 

posed s h u t t l e  launch pad and both the  s o l i d  and t h e  l i q u i d  engines  were 

f i r e d  s imultaneously.  The b a s i c  test series w a s  conducted t o  e v a l u a t e  

t h e  a c o u s t i c  coupl ing between the  v e h i c l e  and t h e  launch pad a t  l i f t  o f f .  

The pa r t i c l e  c o l l e c t i o n  experiments w e r e  conducted as a p e r i p h e r a l  test  

t o  eva lua te  some of t he  techniques used i n  previous f i e l d  tests. The 

p a r t i c l e  s i z e  d i s t r i b u t i o n s  obtained from t h e  MSFC s c a l e d  s h u t t l e  tests 

are presented  i n  Figs .  10 and 11. A s  can be  seen  i n  Fig.  10, the  various 

c o l l e c t i o n  techniques do b i a s  t h e  s i z e  d i s t r i b u t i o n .  It is i n t e r e s t i n g  

t o  no te  t h a t  t h e  " i sok ine t i c "  probe d a t a  from t h e s e  tests are q u i t e  s i m i -  

l a r  t o  those  f o r  t h e  UTC Ti tan  samples.6 

Fig. 11 compare t h e  p a r t i c l e s  from t h e  Tomahawk t o  o t h e r  rocke t  motors 

where t h e  sample has  been c o l l e c t e d  by f a l l o u t  i n t o  P e t r i e  d i shes .  

The d i s t r i b u t i o n s  presented  i n  

4.1 T i t a n  111-D Plume Sampling (ETR 5-20-75) 

These p a r t i c u l a r  d a t a  have been s ing led  out  f o r  emphasis, i n  t h a t  

they would appear t o  be  t h e  least b i a sed  by sampling and count ing tech- 

niques.  The d a t a  w e r e  taken by JPL under t h e  d i r e c t i o n  of D r .  Varsi. 

The rocket  plume w a s  produced by a T i t a n  111-D and w a s  sampled a t  an 

a l t i t u d e  of 20 km approximately 10 minutes a f t e r  launch. The sampling 

7 

I I Group Meeting," Vandenburg AFB, Oct. 27-28, 1976. 
Varsi, G .  , "Proceedings of t h e  NASA Atmospheric E f f e c t s  Working 7 
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a i r c r a f t  f lew through t h e  plume and c o l l e c t e d  the  A 1  0 

Submicron s i z e d  p a r t i c l e s  were analyzed us ing  an e l e c t r i c  mobi l i ty  

analyzer  and micron s i z e d  p a r t i c l e s  w e r e  c o l l e c t e d  on a moving t ape  im-  

pac tor .  An a d d i t i o n a l  measurement of t he  t o t a l  p a r t i c l e  concent ra t ion  

w a s  made us ing  a condensation n u c l e i  counter .  

i s o k i n e t i c a l l y .  2 3  

4.1.1 Electr ic  Mobil i ty  Analyzer 

The e l e c t r i c  mobi l i ty  ana lyzer  s i z e s  p a r t i c l e s  by drawing a sample 

of t he  ae roso l  through an  i o n i z a t i o n  s e c t i o n  where t h e  p a r t i c l e s  are 

charged. 

a i r  and t h e  flow passes  between two e l ec t rodes .  

impressed between t h e s e  e l e c t r o d e s  thus  applying an  a t t r a c t i v e  sideways 

fo rce  on t h e  p a r t i c l e s .  I f  each p a r t i c l e  has  t h e  same charge then  f o r  a 

p a r t i c u l a r  vo l t age  only par t ic les  of a s p e c i f i c  s i z e  o r  s m a l l e r  will be 

a b l e  t o  migrate  through the  c l ean  a i r  shea th  t o  t h e  a t t r a c t i n g  e l ec t rode .  

Thus by programming t h e  h igh  vo l t age  appl ied  and measuring the  cu r ren t  

flow which r e s u l t s  from p a r t i c l e s  migra t ing  t o  t h e  e l e c t r o d e ,  a s i z e  dis-  

t r i b u t i o n  of t he  p a r t i c l e s  i n  t h e  sample can be  ca l cu la t ed .  The in s t ru -  

ment has  a repor ted  c a p a b i l i t y  of s i z i n g  p a r t i c l e s  from .005 pm t o  1.0 

pm.8 

caused by mul t ip l e  charging of t h e  p a r t i c l e s  render  t h e  d a t a  question- , 

ab le .  Indeed t h e  mul t ip l e  charging problem can render  t h e  d a t a  question- I 

a b l e  when t h e  p a r t i c l e  spec ie s  are unknown s i n c e  a mixture  of p a r t i c l e s  

can have a v a r i e t y  of charging p r o p e r t i e s  ( i . e . ,  o i l  d r o p l e t s ,  s o o t ,  

c l ays ,  a c i d  ae roso l s ,  e t c . ) .  The p a r t i c l e  sample obtained wi th  t h e  mo- 

b i l i t y  analyzer  can b e  used t o  provide an  abso lu te  p a r t i c l e  concentra- 

t i o n  i n  t h a t  t he  device  ope ra t e s  wi th  known flow rates and thus y i e l d s  

p a r t i c l e  counts p e r  volume of sampled a i r .  

The sample stream is then surrounded wi th  a shea th  of c l ean  

A known high vo l t age  i s  

For p a r t i c l e s  l a r g e r  than  1.0 pm, w a l l  l o s s e s  and ambigui t ies  

8Liu, B. Y . ,  F ine P a r t i c l e s  Aerosol Generation, Measurement Sampling 
and Analysis Academic Press ,  Inc . ,  New York, 1976. I 
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4.1.2 Tape Impactor 

The t ape  impactor c o l l e c t s  p a r t i c l e s  on t h e  s t i c k y  s u r f a c e  of a tape 

which is slowly moving p a s t  t h e  sampling o r i f i c e .  

a i r  i s  drawn i n t o  t h e  sampler and acce le ra t ed  through a nozzle  which 

faces  t h e  tape.  Because of t h e i r  momentum, l a r g e  p a r t i c l e s  (>1.0 um) im- 

pac t  on t h e  s u r f a c e  and are captured.  Some of t h e  smaller p a r t i c l e s  can 

follow t h e  airstream as i t  t u r n s  and flows aroung t h e  t ape  and thus  there  

is a gradual  decrease  i n  t h e  c o l l e c t i o n  e f f i c i e n c y  f o r  smaller p a r t i c l e s .  

Correc t ion  f a c t o r s  are appl ied  t o  the  d a t a  t o  account f o r  t hese  l o s s e s .  

Since t h e  t ape  is cons tan t ly  moving i t  produces a w e l l  spaced c o l l e c t i o n  

of p a r t i c l e s  which can la te r  b e  s i z e d  and counted. 

t i o n  measured by t h e  t ape  impactor can, however, be  d i s t o r t e d  by l o s s  of 

l a r g e r  p a r t i c l e s  i n  t h e  i n l e t  and nozzle  s e c t i o n  and i n  a d d i t i o n  i t  does 

r e q u i r e  extreme care i n  t h e  s i z i n g  and count ing s i n c e  t h e  p a r t i c l e s  are 

no t  randomly d i s t r i b u t e d  on t h e  t ape  s u r f a c e  ( i . e . ,  due t o  shape of noz- 

z l e  and d i r e c t i o n  of t ape  travel t h e  p a r t i c l e s  w i l l  tend t o  d i s t r i b u t e  

themselves according t o  s i z e ) .  

The p a r t i c l e  laden 

The s i z e  d i s t r i b u -  

4 .1 .3  Aiken Nuclei  Counter 

An Aiken n u c l e i  counter  does no t  y i e l d  a s i z e  d i s t r i b u t i o n ,  b u t  can 

It oper- g ive  an  approximate va lue  f o r  t h e  number dens i ty  of p a r t i c l e s .  

ates by drawing a k n o w n  volume of the a i r  i n t o  a chamber sa tu ra t ed  w i t h  

water vapor.  A p i s t o n  o r  diaphragm is then r e l eased  which r e s u l t s  i n  an  

a d i a b a t i c  expansion of t he  vapor mixture.  

vironment water vapor condenses on a l l  t h e  p a r t i c l e s  p re sen t  and t h e  re- 

s u l t i n g  cloud of d r o p l e t s  is de tec ted  by an o p t i c a l  sensor .  The o p t i c a l  

measurement is a simple e x t i n c t i o n  measurement and is  success fu l ly  con- 

ve r t ed  t o  a number dens i ty  because of two f a c t o r s .  F i r s t ,  t he  water 

d r o p l e t s  observed are much l a r g e r  than t h e  o r i g i n a l  p a r t i c l e s  and there-  

f o r e  t h e  unknown ind ices  of r e f r a c t i o n  of t h e s e  p a r t i c l e s  are no t  impor- 

t a n t .  Secondly, t h e  growth process  of t h e  water drops is such t h a t  t h e  

smaller drop r ad ius  w i l l  i nc rease  a t  a much f a s t e r  rate than t h e  l a r g e r  

I n  t h i s  supe r sa tu ra t ed  en- 
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ones.  

s i z e  a t  t h e  t i m e  of t h e  e x t i n c t i o n  measurements. The instrument  can 

t h e r e f o r e  b e  c a l i b r a t e d  wi th  a known ae roso l  number dens i ty  and b e  ex- 

pected t o  hold t h i s  c a l i b r a t i o n  f o r  an  unknown ae roso l  where t h e  p a r t i c l e  

composition and s i z e  may b e  q u i t e  d i f f e r e n t .  

Thus, t h e  f i n a l  cloud of d r o p l e t s  w i l l  a l l  b e  c lose  t o  t h e  same 

4.1.4 Data F i t t e d  t o  a D i s t r i b u t i o n  Function 

The p a r t i c l e  counts  p e r  s i z e  i n t e r v a l  from t h e  mobi l i ty  d a t a  were 

f i t t e d  t o  a d i s t r i b u t i o n  func t ion  as previous ly  descr ibed.  

w a s  normalized t o  the  mode and is  presented  i n  Fig.  12.  The d a t a  from 

t h e  t ape  impactor provides  a second p a r t i c l e  s i z e  d i s t r i b u t i o n  which par- 

t i a l l y  over laps  t h e  mobi l i ty  da t a .  However, t h e  over lap  i s  i n  a regime 

where the  t ape  impactor d a t a  has  l a r g e  c o r r e c t i o n  f a c t o r s  appl ied  t o  

a l low f o r  small p a r t i c l e  l o s s e s .  Thus a d i s t r i b u t i o n  func t ion  w a s  f i t t e d  

t o  t h e  t ape  impactor d a t a  f o r  p a r t i c l e  s i z e s  g r e a t e r  than  0.5 pm. 

sets of d a t a  i n d i c a t e  an  i n f l e c t i o n  p o i n t  around t h e  0.35 um p a r t i c l e  

s i z e  and t h e  t ape  impactor d a t a  w a s  t h e r e f o r e  s c a l e d  t o  match t h e  mo- 

b i l i t y  d i s t r i b u t i o n  a t  t h i s  po in t .  

The curve 

Both 

The r e s u l t i n g  d i s t r i b u t i o n  is shown i n  Fig.  12  wi th  d a t a  po in t s  

from both instruments .  

pac to r  can be accepted s i n c e  i n  t h i s  range t h e  instrument  count has  been 

co r rec t ed  by a l a r g e  and somewhat ques t ionable  l o s s  f a c t o r .  It is  im- 

mediately obvious t h a t  t h i s  d i s t r i b u t i o n  is  q u i t e  d i f f e r e n t  from those  

presented  previously.  

submicron range. 

sampling (To + 10 minutes) ,  then  t h e  f i r s t  impulse is  t o  suspec t  t h a t  t he  

l a r g e r  p a r t i c l e s  have s e t t l e d  ou t .  However, c a l c u l a t i n g  t h e  s e t t l i n g  

rate of a 10 um A 1  0 

t o t a l  d i s t a n c e  f a l l e n  would be  approximately 9 meters. It would thus  

seem t h a t  t h i s  s e t t l i n g  would b e  i n s i g n i f i c a n t  i n s o f a r  as skewing t h e  

s i z e  d i s t r i b u t i o n ,  a t  least  up t o  t h e  10 pm p a r t i c l e  s i z e s .  

The poor f i t  of t h e  0 . 1  vm d a t a  from t h e  t ape  im- 

The most s t r i k i n g  p o i n t  is t h a t  i ts  mode is i n  the  

Since t h e r e  is a delay between plume formation and 

p a r t i c l e  and cons ider ing  t h e  10 minute i n t e r v a l  the  2 3  

S i m i l a r  
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c a l c u l a t i o n s  f o r  100 pm p a r t i c l e s  sugges t  t h a t  they could be  deple ted  

due t o  g r a v i t a t i o n a l  s e t t l i n g .  

The c losu re  cond i t ion  based on c a l c u l a t e d  emissions from t h e  s o l i d  

motors a t  20 km a l t i t u d e  of 930 gms of A1203 pe r  meter a l t i t u d e  and an 

es t imated  plume diameter of 2 km y i e l d s  an average mass loading  i n  t h e  

atmosphere of 2.9 x gms/m 3 . 
Using t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  Fig.  1 2  and a d j u s t i n g  t h e  

p a r t i c l e  number dens i ty  t o  match t h e  va lue  measured by t h e  Aiken n u c l e i  

counter  ( i . e . ,  3 x 10" par t i c l e s /m3) ,  then t h e  equat ions can be  i n t e -  

g ra t ed  t o  y i e l d  an atmospheric mass loading.  These c a l c u l a t i o n s  ind i -  

cate va lues  of 5.24 x 

pm and 4.78 x 

gms/m3 f o r  p a r t i c l e s  s i z e d  from .025 t o  .525 

gms/m3 f o r  p a r t i c l e s  from .525 t o  6.0 pm o r  a t o t a l  

of 1.0 10-4 gms/m3. 

Considering the  p o s s i b l e  u n c e r t a i n t i e s  of such va lues  as t h e  plume 

diameter ,  and t h e  aluminum oxide depos i t i on  rate as w e l l  as t h e  p o s s i b l e  

b i a s e s  which might b e  included i n  t h e  p a r t i c l e  measurement techniques 

these  va lues  are i n  remarkably good agreement. 

A second po in t  of i n t e r e s t  i n  t hese  d a t a  is t h a t  t h e  s i z e  d i s t r i b u -  

t i o n  is bimodal. 

t h e  A 1  0 p a r t i c l e  d i s t r i b u t i o n  i n  samples taken from smaller rocket  2 3  
motors. A s i z e  d i s t r i b u t i o n  from t h e i r  d a t a  is shown i n  Fig.  13.  When 

compared t o  t h e  T i t a n  I11 d a t a  i t  is noted t h a t  t h e  d i s t r i b u t i o n  of t h e  

s m a l l  p a r t i c l e s  is  s i m i l a r ,  however, t h e  l a r g e r  p a r t i c l e s  (>1 pm) are an 

o rde r  of magnitude more numerous. Using t h i s  d i s t r i b u t i o n  func t ion  and 

assuming a number d e n s i t y  of 3 x 10" par t ic les /m3 f o r  t h e  T i t a n  plume 

one c a l c u l a t e s  a mass loading  of 2 . 3  x gms/m wi th  10 percent  of the 

mass i n  t h e  submicron s i z e d  p a r t i c l e s .  

Kraeut le  e t  a l . 9  have observed t h i s  bimodal na tu re  of 

3 

Victor ,  A. C . ,  Breil,  S .  H . ,  "A Simple Method f o r  P r e d i c t i n g  Rocket 
9 

Exhaust Smoke V i s i b i l i t y , "  Jou rna l  of Spacecraf t  and Rockets, August 
1977.  
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Repeating t h i s  e x e r c i s e  wi th  the  d i s t r i b u t i o n  func t ion  der ived  from 

d a t a  c o l l e c t e d  by P e t r i e  d i s h  technique (curve 2,  Fig.  5) y i e l d s  a mass 

loading of 1.1 gms/m3, obviously,  a va lue  o rde r s  of magnitude too  high.  

The Kraeut le  d i s t r i b u t i o n  is seemingly h igh  b u t  c e r t a i n l y  w i t h i n  reason.  

It is unfor tuna te  t h a t  t he  r e l a t i v e l y  e a s i l y  obtained measurement of 

t o t a l  p a r t i c u l a t e  mass loading  w a s  no t  made on t h e  T i t a n  cloud f ly -  

through. 

v a l i d i t y  of va r ious  d i s t r i b u t i o n  func t ions .  

This  information would be  of g r e a t  va lue  i n  eva lua t ing  t h e  

5.0 ALUMINUM COMBUSTION 

The problem of aluminum combustion and i ts  oxide formation has  re- 
ceived a g r e a t  d e a l  of a t t e n t i o n  and has  been ex tens ive ly  repor ted  i n  
t h e  l i t e r a t u r e .  However, due t o  t h e  extremely h o s t i l e  environment i n  

t h e  combustion chamber and nozz le  expansions of t h e  exhaust gases from 

s o l i d  rocke t  motors t h e  phys ica l  and chemical processes  occurr ing  which 

r e s u l t s  i n  t h e  even tua l  aluminum oxide p a r t i c l e s  observed downstream, 

are no t  w e l l  known. 

presented  by Pokhi l  e t  a1.l' 

s o c i a t e d  w i t h  aluminum combustion both  i n  t h e  rocke t  environment and 

under con t ro l l ed  l abora to ry  condi t ions  are presented  i n  work such as t h a t  

by Crump e t  a l . l l  and P ren t i ce .  l2 

fol lowing observa t ions  can b e  made. 

A good review of t h e  many f a c e t s  of t h e  problem is 

More s p e c i f i c  s t u d i e s  of t h e  problems as- 

From t h e s e  and similar s t u d i e s  t h e  

"Pokhil, P. F., Belyayev, A. F.,  Frolov, Yu, V. ,  Logachev, V. S . ,  
and Korotkov., A. I., "Combustion of Powdered Metals i n  Active Media," 
FTD-MT-24-551-73, 1972. 

llCrump, J. E.,  P ren t i ce ,  J. L. and Kraeut le ,  K. J., "Role of t h e  
Scanning Elec t ron  Microscope i n  t h e  Study of S o l i d  P rope l l an t  Combustion: 
I1 Behavior of Metal Addit ives ,"  Combustion Science 6 Technology, 1969, 
Vol. 1, pp. 205-223. 

i n  Wet and Dry Oxidizers ,"  NWC-TP-5569, A p r i l  1974. 
12Prent ice ,  J. L. ,  "Aluminum Droplet  Combustion Rates and Mechanisms 
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1. The molten aluminum d r o p l e t s  i n  t h e  combustion chamber are, i n  gen- 

eral, considerably l a r g e r  than t h e  p a r t i c l e s  of aluminum included i n  

t h e  f u e l .  It is noted t h a t  as the  f c e l  s u r f a c e  recedes,  t h e  alumin- 

um p a r t i c l e s  are exposed and tend t o  c l u s t e r .  Rather than  l eave  t h e  

s u r f a c e  immediately they m e l t  and form a l i q u i d  A 1  and s o l i d  A1203 

matrix b e f o r e  be ing  swept i n t o  t h e  gas stream. This  process  of ag- 

glomeration thus  sugges ts  t h a t  t h e  f i n a l  A1203 p a r t i c l e  s i z e  cannot 

b e  d i r e c t l y  r e l a t e d  t o  t h e  o r i g i n a l  s i z e  of metallic aluminum par- 

t ic les  i n  t h e  f u e l .  The degree of agglomeration is inf luenced  by 

several f a c t o r s  which inc lude ,  i n i t i a l  p a r t i c l e  s i z e s  of both f u e l  

and ox id ize r ,  uniformity of mixture ,  type of b inde r ,  ra te  of burn- 

ing ,  p re s su re  i n  combustion chamber and th ickness  of oxide coa t ing  

on t h e  metallic aluminum p a r t i c l e s  used i n  t h e  fue l .13  

2. During the  melt ing and agglomeration process ,  t h e  oxide coa t ings  from 

t h e  o r i g i n a l  aluminum p a r t i c l e s  c rack  open and accumulate on the  sur-  

f a c e  of t h e  d r o p l e t s .  As t h e  hea t ing  process  cont inues t h e s e  s h e l l  

fragments m e l t  and form a v i s i b l e  l e n s  cap l i k e  s t r u c t u r e  on t h e  sur -  

f a c e  of t h e  s p h e r i c a l  molten aluminum. 

3. I g n i t i o n  appears  t o  occur as t h e  molten A1-A1203 d r o p l e t  leaves t h e  

s u r f a c e  and e n t e r s  t h e  high temperature combustion zone. From high  

speed photographs i t  is observed t h a t  t h e  flame s t ands  o f f  from t h e  
surface of t h e  d r o p l e t  thus  i n d i c a t i n g  a gas phase reaction. D u e  t o  

the  continuum r a d i a t i o n  produced from a l l  t h e  A 1  0 

chamber i t  is impossible  t o  d i s t i n g u i s h  any s p e c t r a  i n d i c a t i n g  t h e  

occurrence of t h e  suboxides A10 and A120.  

evidence from t h e  i g n i t i o n  of aluminum f i l l e d  f l a s h  bulbs  does show 

emission l i n e s  of A ~ O  .lo914 

i n  t h e  combustion 2 3  

However, supplementing 

l3Crump, J .  E. (Ed i to r ) ,  "Combustion of So l id  P rope l l an t s  and Low 

I4Herzberg, G .  , Molecular Spec t ra  and Molecular S t r u c t u r e  , Spectra- 

Frequency Combustion I n s t a b i l i t y , "  NOTS-TP-4244, June 1967. 

of Diatomic Molecules, D Van Nostrand Co., Inc., New York, New York, 1950. 
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P o r t e r  e t  a l . I5  s tud ied  t h e  spec ie s  vapor iz ing  from an A1-A1203 

mixture us ing  a mass spectrometer .  Thei r  system w a s  l imi t ed  t o  tempera- 

t u r e s  of 1800°K, however, they i d e n t i f i e d  A 1  and A 1 2 0  as t h e  prime gas- 

eous c o n s t i t u e n t s  wi th  a trace s i g n a l  of A10. Brewer e t  a1.I6 conducted 

similar vapor i za t ion  experiments and concluded t h a t  i n  t h e  A1-A1 0 mix- 

t u r e  t h e  b a s i c  sub-oxide is A 1  0 whereas i n  t h e  vapor iza t ion  of A 1  0 

a lone  A10 i s  t h e  dominant gas spec ie s .  It w a s  also observed t h a t  when 

molten aluminum w a s  i n  con tac t  wi th  t h e  A 1  0 t h i s  increased  t h e  evapora- 

t i o n  rate of t he  A 1  0 by two o rde r s  of magnitude. 

2 3  

2 2 3  

2 3  

2 3  

Considering t h e s e  comments and then  r e tu rn ing  t o  t h e  observa t ions  of 

molten aluminum d r o p l e t s  wi th  molten l e n s  caps of A 1  0 surrounded by a 

reactive flame zone, i t  can be  seen  t h a t  t he  product ion of aluminum oxide 

p a r t i c l e s  i n  a rocke t  motor is a complex process. The  sub-oxides are ob- 

vious ly  formed i n  t h e  r e a c t i o n  zone surrounding t h e  burning d r o p l e t , w i t h  

p o s s i b l e  add i t ions  from t h e  evaporat ion of A 1  0 a t  the  A1-A1 0 i n t e r -  

f a c e  on t h e  d rop le t .  Adding t o  t h i s  complexity is t h e  f a c t  t h a t  t h e  

d r o p l e t s  and gases  are swept from t h e  s u r f a c e  of t h e  burning p rope l l an t  

and are rap id ly  acce le ra t ed  through t h e  nozzle  and i n t o  t h e  expanding 

plume. However, from these  observed processes  one can s p e c u l a t e  t h a t  

t h e r e  are a t  least  two poss ib l e  sources  of A 1  0 p a r t i c l e s ,  t h e  l i q u i d  

A 1  0 l e n s  caps which remain as r e s idue  a f t e r  t h e  A 1  has  evaporated and 

A 1  0 

2 3  

I 

2 3  2 3  

2 3  , 

2 3  

2 3  formed from t h e  condensation of t h e  gaseous sub-oxides. 

15Por te r ,  R. F., Sch i s se l ,  P., Ingram, M. G . ,  "A Mass Spectrometr ic  

2 3  Study of Gaseous Species i n  t h e  A1-A1 0 
Vol. 23, No. 2 ,  Feb. 1955. 

System," Jou rna l  Am. Chem. SOC.,  Vol. 73, 1951. 

System," Jou rna l  of Chem. Phys., 

B r e w e r ,  L. and Searcy, A. W . ,  "The Gaseous Species  of t h e  Al-A1203 
16 
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5 . 1  Condensation of Gaseous Oxides 

There is no experimental  evidence t h a t  e i t h e r  of t h e  sub-oxides can 
1 7  e x i s t  i n  t h e  s o l i d  o r  l i q u i d  phase. Material i d e n t i f i e d  by Hoch e t  al. 

as s o l i d  A 1  0 and A 1 0  w a s  later shown t o  be A 1  C 2 4 3  4 
gida.18 

chemical and phys ica l  process .  

geneous nuc lea t ion  theory as presented by Frenkle20 t o  p r e d i c t  nuclea- 

t i o n  rates. To circumvent t h e  problem of not  be ing  a b l e  t o  d e f i n e  a 

supe r sa tu ra t ion  of t h e  A10-A1 0 gas,  he  uses t h e  r a t i o  of t h e  p a r t i a l  

p re s su re  of t h e  A 1  gas t o  t h e  equi l ibr ium vapor p re s su re  of A 1  gas i n  

A 1  0 vapor i za t ion  products .  Regardless of t he  confidence one might 

have i n  t h i s  t rea tment  of t h e  problem, the  p red ic t ed  nuc lea t ion  rates 

are of ques t ionable  va lue  s i n c e  they vary by a f a c t o r  of 1 O I 6  over  t h e  

temperature range of i n t e r e s t  ( i . e . ,  3000°K t o  3500'K). It would thus  

seem t h a t  u n t i l  t h e  condensation process  can b e  i d e n t i f i e d ,  i t  is  pre- 

mature t o  t r y  t o  adapt e x i s t i n g  condensation t h e o r i e s  t o  p r e d i c t  nuclea- 

t i o n  rates. While the  a c t u a l  process  involved i n  t h e  condensation of 

t he  sub-oxides is not  y e t  known i t  is  not  unreasonable t o  suggest  t h a t  

condensation is  t h e  source of t he  submicron p a r t i c l e s  observed i n  t h e  

rocke t  exhaust plume. 

and AlTaO by Yana- 

is both  a Thus t h e  condensation of gaseous A10-A1 0 t o  A 1  0 
2 2 3  

Herrnsenl' has appl ied  t h e  classical  homo- 

2 

2 3  

I7Hoch, M. and Johnston, H. L. "Formation S t a b i l i t y  and Crys t a l  
S t r u c t u r e  of t h e  So l id  Aluminum Sub-oxides: 
Ceramic SOC., Vol. 76, 1954. 

A1203-Al," Ceramic B u l l e t i n ,  Vol. 23, 1955. 

cles in Metal Vapor Flames," Combustion & Flame, Vol. 13, No. 3, June 1969. 

A 1 2 0  and A10," Journ.  Am. 

Yanagida, H. ,  Kroger, F. A., "Condensed Phases i n  t h e  System 18 

I9Hermsen, R. W . ,  Dunlap, R. ,  "Nucleation and Growth of Oxide P a r t i -  

20Frenkle, J. Kine t ic  Theory of Liquids ,  Oxford Univers i ty  P res s ,  
London, 1946, p .  397. 
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5.2 Dispersion of Liquid A 1  0 

It has  been noted t h a t  due t o  an agglomeration process  a t  t h e  burn- 

2 3  

ing  s u r f a c e  of t h e  f u e l ,  r e l a t i v e l y  l a r g e  d r o p l e t s  of molten aluminum 

wi th  a t t ached  A 1  0 l e n s  caps,  e n t e r  t h e  gas f lowf ie ld .  A t y p i c a l  h i s to -  

gram of these  agglomerated d r o p l e t  s i z e s  as measured by Boggs e t  al.14 i s  

recons t ruc ted  i n  Fig.  14.  

lets as shown i n  Ref. 13, one can estimate t h a t  t h e  volume of l i q u i d  

A 1  0 i n  the  l e n s  cap is approximately 0.8 percent  t h a t  of t he  molten 

aluminum drop le t .  The o rde r  of magnitude of t h i s  va lue  is  confirmed by 

t h e  observa t ion  t h a t  t he  o r i g i n a l  aluminum powder (approx. 15 pm diam) 

has on t h e  average a 75-A-thick coa t ing  of A 1  0 .21 

evaporat ion o r  condensation of t he  l i q u i d  A 1  0 then  one can p r e d i c t  a 

range of r e s i d u a l  alumina d r o p l e t s  f r o m  4 t o  40 l.im i n  d i a m e t e r  based on 

t h e  agglomerated p a r t i c l e  s i z e s  shown i n  F ig .  14.  

2 3  

From t h e  sca l ed  photographs of burning drop- 

2 3  

0 
Assuming n e g l i g i b l e  2 3  

2 3  

It is  a l s o  observed t h a t  a cons iderable  quan t i ty  of l i q u i d  A 1  0 ac- 

cumulates on t h e  nozzle  w a l l s  and is shed due t o  t h e  high v e l o c i t y  gases .  

Bartlett  e t  a1.22 have used t h e  d rop le t  s t a b i l i t y  c r i t e r i a  of a c r i t i c a l  

Bond number t o  c a l c u l a t e  t h e  maximum s i z e  of a molten aluminum oxide 

d r o p l e t  which could su rv ive  t h e  aerodynamic fo rces  i n  t h e  rocke t  flow- 

f i e l d .  

drag fo rces  which might b e  encountered and equat ing  these  fo rces  t o  t h e  

s u r f a c e  t ens ion  of l i q u i d  A 1  0 23 c a l c u l a t e  t h a t  t he  minimum drop le t  s i z e  

produced by t h i s  mechanism is on t h e  o rde r  of 1 Um. 

pear  t h a t  t h e  agglomeration process  a t  the  burning s u r f a c e  and 

2 3  

I n  a similar manner one can p o s t u l a t e  t h e  maximum aerodynamic 

2 3  
It would thus  ap- 

21Price, E. W . ,  "Summary Report on Workshop on Behavior of Aluminum 
i n  So l id  P rope l l an t  Combustion," Proceedings of t h e  13th  JANNAF Combus- 
t i o n  Meeting, Nov. 1976. 

22Bartlett,  R. W . ,  Delaney, L. J., "Effect  of Liquid Surface  Tension 
on Maximum P a r t i c l e  S ize  i n  Two Phase Flaw," Pyrodynamics, Vol. 4 ,  1966. I 

23Kingery, W. D. ,  "Surface Tension of Some Liquid Oxides and Thei r  
Temperature Coef f i c i en t s , "  Jou rna l  of t h e  American Ceramic Socie ty ,  Vol. 1 
42, No. 1, Jan. 1959. I 
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aerodynamic d i s p e r s a l  of l i q u i d  A 1  0 

s i z e  range. 

provide p a r t i c l e s  i n  t h e  micron 2 3  

6.0 CONCLUSIONS 

From t h e  observa t ions  c i t e d ,  t h e r e  is ample evidence t o  support  a 

multimodal d i s t r i b u t i o n  func t ion  f o r  t h e  A 1  0 p a r t i c l e  s i z e s .  I f  as 

has  been suggested t h e  l a r g e r  p a r t i c l e s  are produced by an agglomeration 

and d i s p e r s a l  process  and the  smaller ones by condensation then  an  argu- 

ment can be  made i n  favor  of t h e  s t r o n g  submicron p a r t i c l e s  mode of t h e  

Varsi d i s t r i b u t i o n .  I n  t h e  l a r g e  motors such as T i t an ,  Super Hippo and 

S h u t t l e  t he  agglomerated d r o p l e t s  are confined i n  t h e  combustion zone 

(~3500OK) f o r  a much longer  per iod  than  i n  s m a l l  motors. I n  t h i s  en- 

vironment t h e  l i q u i d  A 1  0 d r o p l e t s  from t h e  agglomeration process  are 

i n  a reducing atmosphere of A 1  gas and thus  are evaporat ing.  I f  t h i s  

evaporat ion y i e l d s  A 1 2 0 ,  then  i t  is  not  ra te  c o n t r o l l e d  by t h e  p a r t i a l  

p re s su re  of A10 produced by t h e  combustion of t h e  aluminum d i r e c t l y  i n  

t h e  ox id ize r .  The n e t  r e s u l t  would b e  a dep le t ion  i n  t h e  number and s i z e  

of l i q u i d  A 1  0 d r o p l e t s  and an i n c r e a s e  i n  t h e  sub-oxides which would 

p a r t i c i p a t e  i n  a chemico-physical condensation process .  This argument 

does not  cons ider  t h e  a d d i t i o n a l  processes  of p a r t i c l e  growth, coagula- 

t i o n  and remel t ing  which might occur i n  t h e  exhaust f l owf ie ld .  

however, ques t ion  t h e  accepted viewpoint t h a t  b igger  motors produce 

b igge r  p a r t i c l e s ,  and, i n  f a c t ,  sugges ts  t h a t  t h e  r eve r se  may be  t r u e .  

That is, t h e  l a r g e r  motors may b e  more e f f i c i e n t  i n  reducing t h e  A1203 

contained i n  t h e  i n i t i a l  f u e l  and thus  p r imar i ly  produce A 1  0 p a r t i c l e s  

through condensation processes .  

2 3  

I 
2 3  

2 3  
I 

It does,  

2 3  

These f a c t o r s  p lus  t h e  noted b i a s  i n  previous d a t a  thus  argue in 

favor  of t h e  bimodal p a r t i c l e  s i z e  d i s t r i b u t i o n  func t ions  as der ived  from 

d a t a  by Varsi and Kraeut le  wi th  s i g n i f i c a n t  q u a n t i t i e s  of A 1  0 contained 

i n  t h e  submicron p a r t i c l e s .  

I 
2 3  

I 
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It is unfor tuna te ,  b u t  notwithstanding a l l  t h e  previous e f f o r t s  t o  

determine t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  of A 1  0 i n  rocke t  plumes, it 

appears t h a t  f u r t h e r  measurements, p re fe rab ly  made w i t h i n  t h e  exhaust 

cloud, are s t i l l  needed. I n  order  t h a t  t he  d a t a  can b e  checked f o r  con- 

s i s t e n c y ,  t h r e e  types of measurements should be  made. The f i r s t  and pos- 

s i b l y  t h e  easiest measurement is t o t a l  mass loading  i n  t h e  cloud. This  

measurement can b e  made using abso lu te  f i l t e r s  f o r  average va lues  o r  

poss ib ly  QCM'S i n  conjunct ion with a p r e c i p i t a t o r  ( e l e c t r o s t a t i c  o r  in- 

e r t i a l )  f o r  determining cloud p r o f i l e s .  The second measurement needed 

is a count of t h e  t o t a l  number of p a r t i c l e s  p e r  u n i t  volume. 

t i o n  n u c l e i  counter  could y i e l d  t h i s  da ta .  The t h i r d  measurement is  t h e  

p a r t i c l e  s i z e  d i s t r i b u t i o n .  No one instrument can cover t h e  s i z e  range 

of i n t e r e s t  (.005 t o  50 um). 

t o  be  t h e  most promising f o r  t h e  .005 t o  .5 pm s i z e  range. I n e r t i a l  im-  

pac tors  can ope ra t e  e f f e c t i v e l y  over a range from .1 um t o  10 pm. A cas- 

cade impactor with QCM readout  a t  each s t a g e  could give near real  t i m e  

readout  and thus  i n d i c a t e  t h e  homogeneity of t he  cloud s e c t i o n  sampled. 

The p a r t i c l e s  ranging from .5 urn t o  50 pm can be  de t ec t ed  by o p t i c a l  

s c a t t e r i n g  and t h e r e  i s  a v a r i e t y  of instruments  a v a i l a b l e .  

2 3  

A condensa- 

The e l e c t r i c  mobi l i ty  ana lyzer  would appear 

It  should b e  noted t h a t  a l l  of t hese  measurements inc luding  t h e  

simple t o t a l  mass determined from weighing c o l l e c t i o n s  on f i l t e r s ,  w i l l  
be  compromised i f  there are s i g n i f i c a n t  numbers of condensed w a t e r  o r  

a c i d  d r o p l e t s  i n  the  cloud. This  r equ i r e s  t h a t  t h e  rocke t  cloud there-  

f o r e  be  formed i n  a r e l a t i v e l y  dry atmosphere and thus adds an a d d i t i o n a l  

c o n s t r a i n t  t o  t h e  problem of cloud sampling. 

Addi t iona l  s t u d i e s  of t h e  b a s i c  mechanisms of A1203 p a r t i c l e  forma- 

t i o n  would b e  worthwhile, s i n c e  i f  t h e  condensation and coagulat ion pro- 

cess  is  occurr ing  t o  a s i g n i f i c a n t  e x t e n t  ou t s ide  t h e  combustion chamber 

and nozz le ,  then  t h e  A 1  0 p a r t i c l e s  depos i ted  i n  t h e  s t r a t o s p h e r e  and 

space can be  q u i t e  d i f f e r e n t  from those  observed a t  low a l t i t u d e  due t o  

the  s i g n i f i c a n t  d i f f e rences  i n  t h e  plume expansion. This would espec ia l ly  

2 3  
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b e  of concern i n  the  ope ra t ion  of t h e  s o l i d  rocke t  motor f o r  t h e  i n t e r i m  

upper s t a g e  (IUS) of t h e  space  s h u t t l e  opera t ions .  
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